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Age Structure and Successional Dynamics
of a Colorado Subalpine Forest

STEPHEN A. WHIPPLE* and RALPH L. DIX
Department of Botany and Plant Pathology, Colorado State University, Fort Collins 80523

ABsTRACT: Population age structures of old-growth Engelmann spruce, subalpine fir
and lodgepole pine are described in the Colorado Front Range subalpine forest (2850
and 3500 m). Among the populations of these three species, five types of age structures
can be recognized; up to four different types of age structures were found in one species
under different environmental or historical conditions and no species showed the same
type of age structure throughout its entire range of occurrence.

The age structures of populations are used to infer their climax or successional (self-
replacing or not self-replacing) status. From the combination of climax or successional
populations in a stand and the distributions of these combinations on environmental
gradients, three types of forest are recognized: (1) climax lodgepole; (2) climax spruce-
fir, which is pioneered after disturbance by lodgepole; and (3) climax spruce-fir which is
pioneered primarily by spruce. The changes from one forest type to another follow a
unidimensional gradient which begins with climax lodgepole at low elevation, dry sites,
followed by a forest mosaic of successional lodgepole and climax spruce-fir at both higher
elevations and intermediate moisture sites, and ends with climax spruce-fir in which
lodgepole is not pioneer, at both high elevations and on the most mesic sites.

InTRODUCTION

Studies of the seral status of species are commonly based on size distributions
and differences in sizes between species in a stand. However, significant errors
may be introduced into these studies by differences in growth rates between species.
In addition, the seral status of a species may not be reflected in its size distribution
because of a tendency for gaps in the distribution to be filled by differential growth
of individuals (Schmelz and Lindsey, 1965; Johnson and Bell, 1975). The result
may be that the shape of the size distribution does not reflect whether a population
is reproducing, i.e., successional or climax.

Ideally, succession should be studied by observing an area over a period of
time. In the case of long-lived species, such as trees, this is not practical. However,
the age structures of tree populations may indicate whether they are successional .or
climax, and successional pathways may be inferred from this information (Leak,
1975).

Climax types and advanced seral sequences were investigated in the Colorado
Front Range subalpine forest using tree population age structures of the three
dominant species: Engelmann spruce (Picea engelmannii Parry), subalpine fir
[Abies lasiocarpa (Hook.) Nutt.] and lodgepole pine (Pinus contorta Engem.)

The objectives of this study are: (1) to describe the age structures of Engel-
mann spruce, subalpine fir and lodgepole pine; and (2) to infer seral and climax
status from tree age distributions.

The study area was the Fraser Experimental Forest (39°50’N, 105°50’W),
located 8 km (5 miles) SW of Fraser, Colorado. This area is in the southern part of
the W flank of the Colorado Front Range, and was chosen because of its ac-
cessibility and undisturbed condition.

LITERATURE
There has been considerable debate over the boundaries of a subalpine zone
in the Colorado Front Range and other nearby portions of the Rocky Mountains
(Ramaley, 1907; Young, 1907; Ramaley and Robbins, 1909; Bruderlin, 1911;

1 Present address: Department of Botany, Louisiana State University, Baton Rouge 70803.
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Cary, 1911; Rydberg, 1915, 1916a and b, 1917; Bates, 1924; Lutz, 1922). Such
boundaries must be arbitrarily set because a choice must be made in the species
used to delimit it and because of the variable elevational limits of each species.
For this study, the subalpine is delimited between approximately 2800 and 3500 m
(9,180 and 11,500 ft) for convenience and by availability of suitable stands in the
study area. This corresponds closely to the limits proposed by Bruderlin (1911),
Bates (1924), Hansen (1940), Ives (194la, b), Daubenmire (1943), Oosting
and Reed (1952), Marr (1961) and Langenheim (1962).

Engelmann spruce is the major dominant in the subalpine forest (Ramaley,
1907; Young, 1907; Robbins, 1910; Sperry, 1936), while subalpine fir, lodgepole
pine and aspen are its most common associates (Daubenmire, 1943; Stahelin,
1943; Oosting and Reed, 1952; Marr, 1961; Langenheim, 1962; Billings, 1969).

Fir seldom reaches ages over 300 years while spruce commonly attains ages
near 450 years (Oosting and Reed, 1952). Part of this difference in age spans is
accounted for by the greater susceptibility of fir to root-rotting fungi which weaken
trees, increasing their susceptibility to wind breakage (Alexander, 1958). Spruce
is not as susceptible to the effects of fungi as fir, but the spruce bark beetle (Den-
droctonus rufipennis Kirby) has destroyed many acres of spruce, as it did on the
White River Plateau between 1939 and 1952 (Massey and Wygant, 1954).

Alexander (1973) describes variations in spruce-fir canopy structure as single-
to multistoried, even- to broad-aged. He attributes this variation mainly to past
disturbances in the case of single-storied stands and the gradual deterioration of
old-growth stands associated with normal mortality in the case of multi-storied
stands. Old-growth stands are frequently dominated by spruce in the overstory
and fir in the understory (Oosting and Reed, 1952; Alexander, 1963). In spite
of the greater establishment of fir seedlings, spruce continues to dominate the
canopy because it lives longer than fir (Oosting and Reed, 1952; Miller, 1970).

The role of lodgepole pine has been in some dispute. It is most commonly
considered to be a pioneer tree in the subalpine, able to establish only after fire,
and successional to spruce and fir (Daubenmire, 1943; Stahelin, 1943; Oosting
and Reed, 1952; Langenheim, 1962; Billings, 1969). Cone serotiny is an im-
portant aspect of the putative fire dependence of lodgepole. A high proportion
of Rocky Mountain lodgepole cones are serotinous (Alexander, 1966), but indi-
vidual trees may have mostly serotinous or mostly nonserotinous cones or a mixture
(Crossley, 1956).

Lodgepole is thought to be stable or climax on dry or windy and exposed
sites by some authors (Young, 1907; Cooper, 1908; Ramaley, 1909; Ramaley
and Robbins, 1909; Bruderlin, 1911; Mason, 1915; Moir, 1969). Although it is
commonly thought of as growing in even-aged, single-storied, overly dense stands,
it can occur in all combinations of even- to broad-aged and single- to multistoried
pure pine to mixed (Tackle, 1955; Alexander, 1972). Even-aged, single-storied
stands usually result from a single devastating catastrophe, such as fire. Broad-aged,
multistoried stands generally result either from stocking by a few scattered trees
which survived the general destruction of the stand or from gradual deterioration
of an old-growth stand due to natural mortality of the older trees (Alexander,
1972) which allows successful reproduction. In order for lodgepole to retain a
site, it is also necessary that no other species be able to invade that site. Inability
of other species to invade a site may be due to lack of seed source, lack of proper
seedbed, or lack of proper microclimate for establishment.

After the destruction of spruce-fir forest, spruce and fir will be the first invaders
on sites too moist for lodgepole and on sites located above the elevational range
of lodgepole (ca. 3250 m, 10,660 ft) if there are no aspen roots already present to
sprout (Stahelin, 1943; Langenheim, 1962; Billings, 1969).
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Rates of succession are generally slow in the subalpine. Ives (1941b) estimates
300 years or more for succession to return the forest to its original condition;
Billings (1969) estimates six to seven centuries for the subalpine forest to become
dominated by 300-500-year-old spruce and fir. Forest succession may be delayed
by a dense growth of graminoids under some conditions, especially in the upper
reaches of the subalpine zone (Stahelin, 1943; Langenheim, 1962).

True climax forest is often conceived of as being all-aged, i.e., age curves
follow an inverse-J distribution. However, Jones (1945) found such all-age forests
to be rare in the N temperature region. Vagaries of replacement dependent
on optimum environmental conditions, chance biotic events or various disturbances
may cause age distributions to deviate from the inverse-J form. In addition, whether
sampling indicates a forest to be all-aged or not may be dependent on the plot
size employed (Jones, 1945; Goff and West, 1975) since replacement may occur
in clumps.

Studies of northern conifer and mixed hardwood-conifer forests have often con-
cluded that there is no true climax but that many of the dominant forest species
depend on disturbances such as large- or small-scale fires, wind throw and insect
or fungal infestations which reduce the canopy or prepare the seedbed to allow
reproduction (Cooper, 1913, Maissurow, 1941, Hough and Forbes, 1943; Bloom-
berg, 1950; Stearns, 1951; Rowe, 1961; Cooper, 1960, 1961; West, 1969; Sprugel,
1976). Whether a similar need also exists in the Colorado Front Range subalpine
spruce-fir forest is not known, although Oosting and Reed (1952) and Marr (1961)
have indicated that these forests are self-perpetuating or climax. However, some
authors have predicted that dominance in the subalpine forest is moving to fir, be-
cause of its greater understory density (Hanson, 1940; Daubenmire and Dauben-
mire, 1968; Loope and Gruell, 1973), while others have predicted an increase in
spruce dominance without disturbance because of its greater longevity (Miller,
1970; Alexander, 1974; Schmid and Hinds, 1974). Of course, all may be correct
in different habitats or geographical areas. Therefore, for the subalpine forest,
the term “climax” should be used, for now, only in a general sense to indicate a
relatively unchanging, old-growth forest that appears to be perpetuating itself.

Age data for Rocky Mountain spruce, fir and lodgepole are meager. Oosting
and Reed (1952) present a few ages of spruce and fir from the Medicine Bow
Range of southern Wyoming to illustrate the age-diameter relationship, but their
data do not reflect the form of the age distributions. Miller (1970) gives age dis-
tributions for two stands of beetle-decimated spruce-fir forest on the White River
Plateau of western Colorado. Preceding the beetle kill, spruce and fir ages in
these two stands approximated the inverse-] distribution suggesting a climax forest
composed of both spruce and fir, but Miller’s data do not include stems under
“stump height.” Since the number of years for either spruce or fir to reach
this height 1s highly variable, his age determinations may have been very inac-
curate, Bloomberg (1950) found that age data indicated spruce to be successional
to fir on the E slope of the Rocky Mountains in Alberta. He describes the suc-
cessional sequence after fire as first lodgepole, then spruce and then fir. In Bloom-
berg’s terms, the lodgepole “stagnates” 100-150 years after its establishment. Addi-
tional spruce recruitment is prevented by the deep shade of the forest canopy,
but fir reproduces well in it. Bloomberg asserts that fir would eventually dominate
these stands if fire were excluded for a sufficient period of time. Day (1972)
reached nearly the same conclusion as did Bloomberg on the successional sequence
for the Crowns Nest region of Alberta. Lodgepole was the first tree to establish fol-
lowing fire, due to a good seed supply and the high tolerance of seedlings to direct
sunlight, followed by spruce and then fir. Day (1972) concluded that spruce may
be partially successful as both a seral and a climax species, decreasing in abundance
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in the climax stand but not being totally eliminated.

METHODS
Stand selection.—Thirteen stands with different combinations of spruce, fir and
lodgepole were selected so as to represent a range of variation in phytosociological
structure, environmental variation and late stages of succession which occur in this
region. To qualify as a stand, an area was visually judged to be homogeneous in
tree and understory species distributions and in site characteristics, such as aspect
and topographic position. Such sites averaged approximately 0.3 ha (0.75 acres).
Stands disturbed by human activity were excluded. Efforts were also made to avoid
selecting stands on the basis of preconceived concepts of successional pathways or

variation corresponding with the environment.

Sampling regime.—Trees (stems over 10 cm, 4 inches diam breast height—
DBH) and saplings (stems between 10-2.5 cm, 4 and 1 inches DBH) were sampled
with the point-centered-quarter method (Cottam and Curtis, 1956), when possible.
In one stand the saplings were sampled with a 6.1 m (20 ft) radius areal plot
because of their low density. One stand, which was visually judged to be slightly
clumped, was tested for adequacy of sample; it was found to be adequately sampled
at the 10% level of significance with 15 points. Therefore, 20-25 points were
sampled in each stand. Points were located at constant intervals along compass lines
running parallel to the contour of the slope. The interval between points was chosen
in each case to prevent resampling the same tree or sapling from adjacent points.
Two such compass lines were run parallel to each other in each stand, one half
of the sample points being located on each line,

Tree seedlings were sampled in a 1-m-sq quadrat. Plots of cumulative mean
densities (Greig-Smith, 1964) for tree seedlings indicated that ca. 30 quadrats
were usually sufficent for an adequate sample. Thereafter, 30-40 quadrats were
sampled in each stand. They were located by tossing a quadrat stick over the
shoulder once or twice at each point, on opposite sides of the compass line used to
locate the points for sampling trees and saplings.

Tree ages—At every point of the sampling regime, the closest tree and sap-
ling in quadrants 1 and 3 were cored for age determination as close to ground:
level as the increment borer would allow. When areal plots were used for samplings,
all sapling-sized stems in the plot were cored. Cores were stored in paper soda
straws and labeled for counting in the laboratory. All seedlings which fell in the
1-m-sq quadrats were cut off at ground level and either the growth rings were
counted and recorded then or a small cross section was removed and labeled for
future counting. Ages were estimated by simply counting growth rings.

If a tree was too rotten for a core sample to be obtained, the closest tree in
another quadrant was selected for coring, although this was a relatively rare oc-
currence. If coring the closest tree in each of the four quadrants did not yield
two cores, no further attempt was made to obtain cores from the trees at that point.
Saplings were similarly sampled.

Stand environment.—Stand aspect, slope angle, elevation and topographic
position were recorded in each stand. Three topographic positions were recognized:
(1) knolls and ridgetops; (2) midslope positions without seepages or streams;
(3) lower-slope positions at the bottom of drainages and seepage areas where the
water table was within 30 cm (ca. 13 inches) of the surface.

REsuLTs
Histograms of densities in 20-year intervals were constructed for each tree
population in each stand; several examples are given in Figure 1 which show the
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wide range of variation. An examination of all the population histograms indicated
that they can be readily divided into five types: (1) inverse-J; (2) bimodal;
(3) decreasing; (4) unimodal, and (5) random (Fig. 2). The idealized age-
distribution types indicate the type of reproduction a population has (Leak, 1975);
therefore, the successional-climax status of the population can be interpreted from
them, with some limitations.

The inverse-J curve (Fig. 2a) has a steadily decreasing number of stems with
increasing age. This can be interpreted as the balance of continuous recruitment

and mortality and it indicates a self-perpetuating or climax population, barring
disturbances, environmental changes or invasion by competitors.
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Fig. 1.—Examples of population and stand age structures. (a) Climax spruce-fir, both
species with inverse-J age distributions.

(b) Successional lodgepole; spruce has a decreasing,

fir an inverse-J, and lodgepole a unimodal age distribution. For clarity, the lines for spruce
and fir above 170 years are not drawn. (c¢) Climax spruce-fir; both spruce and fir have de-
creasing distributions. (d) Climax lodgepole; lodgepole has a bimodal age distribution
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The bimodal curve (Fig. 2b) has a peak of densities in the oldest age classes
and a peak in the youngest with at least 40 years between the two peaks with no
stems. This curve indicates pulses of reproduction and may represent a self-per-
petuating or climax population. Whether this population will continue to repro-
duce inn pulses or later will assume an all-aged structure is discussed below.

The decreasing curve (Fig. 2¢) is similar to the inverse-J but it is deficient in
the youngest age classes. This indicates a recent decrease in the rate of recruitment
which, if continued, will result in a decline in densities of all ages. However, the
drop in recruitment may be temporary and the population actually self-perpetuating.

The unimodal curve (Fig. 2d) has a peak of densities in the oldest age classes,
with no stems younger than 100 years. The lack of recruitment probably indicates
that the population is not self-replacing and that it will eventually become locally
extinct, barring such changes as fire that allow successful reproduction.

The random curve (Fig. 2e) is used to describe all populations that have no
regular pattern. If the total age distribution consists of only a few stems scattered
over a wide range of ages, it probably indicates that the habitat is marginal for
that species. In this case recruitment may depend on climatic fluctuations or oc-

a. Inverse-J b. Bimodal
L
C. Decreasing d. Unimodal
e. Random

Aa IS

Fig. 2.—Idealized population age distribution types that can be recognized among the
populations sampled. The horizontal axis is age class and the vertical axis is density in an age
class




148 TaE AMERICAN MIDLAND NATURALIST 101(1)

casional, local minor disturbance.

The age distribution of each of the populations was classified as one of the
above five types of curves according to which it visually most closely resembled.
Each species shows a distinct pattern of variation in population age structures
on the environmental gradients, elevation and topographic position (Fig. 3).

Lodgepole populations have bimodal age distributions on upper topographic
positions at low elevations. This changes to a unimodal curve at intermediate ele-
vations and it is absent or has low densities with random age distributions in all
other habitats (Fig. 3a).

Spruce populations have the inverse-] age distribution on lower and midslope
positions at low elevation. With increasing elevations, spruce populations have de-
creasing or bimodal curves, except at the highest elevations on upper slopes. Spruce
on upper slope positions at the lowest elevations is either absent or present with
low densities and has a random age distribution (Fig. 3b). While the pattern of
occurrence of the inverse-]J age distribution in spruce populations is strongly related
to elevations and topography, this particular age distribution only occurs in popula-
tions with some spruce individuals over 400 years old (Fig. 4).

Fir populations follow a pattern similar to that of spruce except that the in-
verse-] age distribution of fir is generally found up to a higher elevation than in
spruce. At elevations over 3300 m (10,827 ft), however, fir populations have de-
creasing curves.

Stand age structure.—The combinations of species in individual stands and
their behaviors are important indications of the seral patterns, i.e., whether the
stand is relatively stable or undergoing successional changes (Whittaker, 1953, 1974).
Although several objective methods of analyzing directions of succession in forest

3500 _ In-J Dec
a. Lodgepole b. Spruce c. Fir
340071 _ Dec Dec
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8 3200%
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Lower Mid Upper Lower Mid Upper Lower Mid Upper
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Fig. 3.—Distribution of population age structure types on elevation and topographic
position. Symbols as in Table 1
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vegetation have been published (Goff and Zedler, 1972; Rochow, 1972; Shugart
et al., 1973; Zedler and Goff, 1973), each method assumes the uniform behavior
of the spec1es throughout the data or area examined. That i is, for example, a species
1s assumed to be everywhere climax or everywhere successional. As shown in Figure
3, the age structures of individual species in this study are not everywhere the same
and it is probable that the successional or climax roles of some species change along
environmental gradients, especially lodgepole (Fig. 3a). Therefore, a different
method is required to identify the directions of succession and climax combinations
of species which also allows for changes in the seral behaviors of species.

On the basis of the combination of population age structures found in a stand,
three types of stand age structures can be distinguished which are useful indicators
of seral patterns. The stand age structures are obtained by overlaying the parts of
Figure 3 to find which population age-structure types occur for each species in
a stand. These are summarized in Table 1, along with the elevation and to
graphic position of each stand. The stand types are: (1) climax lodgepole; (2)
successional lodgepole, and (3) climax spruce-fir. Three stand types are not enough
to distinguish all the variations in Table I. Instead, they are meant to serve as
useful modes in a complex situation where all possible age distributions may con-
ceivably combine in a set of co-occurring populations.

Climax lodgepole.—These are stands in which lodgepole is the only dominant
tree, i.e., no other tree composes over 109% of the total stand density. In these
stands lodgepole has a bimodal age distribution and spruce and fir are either absent
or present in low numbers with irregular age distributions (Table 1); a typical
stand age structure is shown in Figure 1d. These stands may be considered climax
only because lodgepole is self-perpetuating and neither spruce nor fir is successfully
invading them.

Climax lodgepole stands were sampled at elevations between 2850 and 3000 m
(9350 and 9842 ft) at or near the tops of ridges and knolls, i.e., the driest topo-
graphic positions (Fig. 3), although similar stands were observed to about 3150 m

W
g) 1 o0 O tlinverse-J
w
O S__-'; L
2 o f>l_ { O o 1 Decreasing
a k-
n P
g (o0) 1+ Bimodal
<

260 380 460
AGE OF OLDEST
SPRUCE IN STAND

(years)

Fig. 4.—Relationship of spruce population age structure types to age of the oldest spruce
in a stand. Circles are for climax spruce-fir stands. Squares are for successional lodgepole
stands
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(10,335 ft) in the driest habitats, and scattered individual trees may be found to
timberline.

Successional lodgepole—These are the stands which are codominated by
lodgepole, spruce and fir, i.e., each species comprises more than 109% of the total
stand density. Lodgepole has the unimodal curve, spruce the decreasing curve
and fir the inverse-J curve (Table 1). An example of this type of stand is given
in Figure 1b. Lodgepole shows a peak of recruitment which began at some past
time, approximately 222 and 315 years ago, respectively, for stands 12 and 22,
and continued for approximately 100 and 120 years, respectively, for stands 12
and 22.

Delay between the establishment of lodgepole and establishment of spruce and
fir can be estimated from the individual stand age distributions. Although the
exact time at which a species has successfully invaded a stand is partially an
arbitrary decision, it can be estimated by the interval between the oldest stem of
lodgepole and that age class at which the density of spruce or fir exceeds that of
lodgepole. The delays in stand 12 are approximately 60 and 90 years, respectively,
for spruce and fir, and in stand 22, 105 years for both spruce and fir.

Successional lodgepole stands were sampled betweeen 3000 and 3250 m (9842
and 10,660 ft) on midslope or upper slope positions, depending on the elevation
(Fig. 5). Similar stands were observed at slightly higher elevation on midslopes,
but none could be found in any other habitats.

Climax spruce-fir—These are stands dominated by both spruce and fir. Al-
though there are considerable differences in the age structures among these stands,
they are termed climax spruce-fir because of their apparent long-term compositional
stability. Both species show a tendency to change from inverse-] to decreasing or
bimodal age distributions with increased elevation (Fig. 3). Spruce does this at lower
elevations than fir, with one exception where spruce has the inverse-] curve in the
highest elevation stand (Fig. 3b).

Lodgepole is also present in two spruce-fir stands but in very low densities

TasLE 1.—Population and stand age-structure types and environments of stands. Popula-
tions are classified into one of the five types in Figure 2 by their visual similarity to a type.
Stands are grouped into three types according to the assemblage of population age-structure
types found in that stand*

Species population Elevation Topographic
Stand Lodgepole Spruce Fir (m) position
Climax lodgepole
10 Bim (R) (R) 2890 upper
9 Bim . .. 2900 upper
18 Bim (R) (R) 2990 upper
Successional lodgepole
22 Un Dec In-J 3160 upper
12 Un Dec In-J 3230 mid
Climax spruce-fir
20 (R) In-J In-J 2950 mid
19 - In-J In-J 2990 lower
21 . In-J Dec 3030 mid
13 .. Bim In-J 3290 lower
14 (R) Dec In-J 3290 mid
15 - Bim Dec 3330 mid
16 . Dec Dec 3380 lower
17 . In-J Dec 3490 upper
* Curve types: In-J = Inverse-J; Bim = Bimodal; Dec = Decreasing; Un = Unimodal;
R = Random. Absence of a species is indicated by ... Presence with a relative density below

10% indicated by ( )
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(Table 1). In stand 14, lodgepoles are the oldest stems and may therefore indicate
that this stand is in the final stages of succession from pioneer lodgepole to spruce
and fir.

Reproduction, as indicated by the densities of 1- to 40-year-old stems, is usually
greater in fir than in spruce (Fig. 6). In spite of this reproductive differential,
spruce dominates the older age classes (Fig. 1b and c), which are primarily the
canopy individuals, and the oldest spruce in spruce-fir stands averages 98 (3-267)
years older than the oldest fir.

Spruce-fir stands were sampled from 2950 to 3490 m (9680 to 11,450 ft) on
all of the slope positions, except at the lowest elevations where they are restricted
to lower and midslopes (Fig. 5). This range includes that of successional lodgepole,
but does not overlap the range of climax lodgepole stands.

Idealized distributions of the three stand types on elevational and topographic
gradients are shown in Figure 7. Climax lodgepole is restricted to low elevations
and upper topographic positions; climax spruce-fir may be found over the remaining
parts of these gradients, but it does not overlap with the climax lodgepole. Suc-
cessional lodgepole is confined to a broad band within the range of climax spruce-
fir and adjacent to, but not within, the climax lodgepole.

Discussion

The Colorado Front Range subalpine forest shows a complex pattern of seres
and climaxes. The climax forest is dominated by spruce and fir on all sites except
those below 3150 m on upper slopes where the climax is instead dominated by
lodgepole. Lodgepole is pioneer on disturbed climax lodgepole sites and on those
disturbed climax spruce-fir sites at elevations below 3250 m on midslopes, and
from 3150 to 3250 m or slightly higher on upper slopes. On mid- and upper slopes
above 3250 m, and all lower slopes, spruce is probably the primary pioneer tree
(Fig. 5). ’

This pattern forms a clear, one-dimensional gradient beginning from low-
elevation upper slopes and radiating out to higher elevations and to lower slopes
(Fig. 5). Soil moisture should follow the same pattern, since precipitation in-
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creases with elevation (Haeffner; 1971) and runoff collection is greatest on lower
slopes. In addition, temperatures and length of growing season may also follow
a similar pattern. Therefore, the forest pattern appears to be related to a com-
plex environmental gradient which, however, may be dominated by soil moisture.

In climax lodgepole stands, lodgepole populations have the bimodal type of age
distribution (Table 1, Fig. 1d), indicating a pulse of reproduction. This reproduc-
tion is dependent on old-age mortality of canopy lodgepole individuals to allow
sufficient light to reach the forest floor for successful seedling establishment (Moir,
1969; Alexander, 1972) because lodgepole seedlings are relatively intolerant of
shade (Baker, 1949). The scale of this process of self-replacement in lodgepole was
not investigated, but it probably occurs primarily under single canopy trees or under
small groups of trees, which may be termed gap phase replacement. Very large
stands would, therefore, probably have all stages of this process from patches of
one to several dead or dying trees with reproduction below them, to dense inter-
mediate-aged patches without any reproduction. This type of stand would show
the all-aged, all-sized structures described by Alexander (1972). Fire is not a necessary
factor in this process and no evidence of fire could be found on standing trees in the
stands investigated, nor have there been any recorded fires in the Fraser Experi-
mental Forest in over 70 years of settlement (Love, 1960).

A key factor for lodgepole to perpetuate itself in these stands is that all other
tree species be totally excluded or prevented from reaching significant densities.
Other tree species would cast shade and prevent lodgepole reproduction even when
lodgepole canopy individuals died. Spruce and fir are apparently excluded from
climax lodgepole sites by the dry soils and, therefore, climax lodgepole stands exist
because lodgepole can establish on drier soils than either spruce or fir, possibly due
to the more rapid root elongation of lodgepole seedlings (Lotan, 1964; Jones, 1971;
Noble, 1973).

While gap phase reproduction has not been previously described for lodgepole,
similar processes have been described for a number of other species; for example,
hemlock (Cooper, 1913; Hough and Forbes, 1943; Hett and Loucks,-1976), balsam
fir (Hett and Loucks, 1976), sugar maple (Bray, 1956), beech (Watt, 1925),
ponderosa pine (Cooper, 1960, 1961; West, 1969) and two species of Araucaria
(Gray, 1975).
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Fig. 6.—Relationship of densities of young (1-40 years old) spruce and fir in climax spruce-
fir and successional lodgepole stands. Points on the dashed line would indicate equal densities
of young spruce and fir in a stand. Circles are for climax spruce-fir stands and squares are for
successional lodgepole stands
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Moir (1969) has described stands which may be of the climax lodgepole type,
although he did not examine age distributions. His stands were located on upland
sites along the E slope of the Colorado Front Range between 2500 and 2800
m (ca. 8200-9200 ft). Moir’s samples are only 65-100 years old, thus necessitating
an argument that if replacement were going to occur it would have begun within
that time span. However, as shown above for the successional lodgepole stands,
it may take up to 100 years, and possibly more, for spruce or fir to invade a lodge-
pole stand. In addition, Moir made no mention of available seed sources for po-
tentially invading species. If there are no seed sources, succession also could not
be expected to occur. Therefore, the successional-climax status of the stands described
by Moir (1969) is unclear.

In the present study, however, all the climax lodgepole stands are over 250
years old and still show no tendency for successional replacement (e.g., Fig. 1d). In
addition, abundant seeds for potentially invading spruce and fir appear to be avail-
able from spruce and fir trees adjacent to the climax lodgepole stands.

The spruce-fir forest has been termed the climatic climax of the Central Rocky
Mountain subalpine zone (Daubenmire, 1943; Oosting and Reed, 1952; Marr,
1961) because it appeared to be relatively stable over long periods. Climax spruce-
fir occurs over a wide environmental range (Fig. 7) and covers a larger area than
climax lodgepole forest.

Fir populations in climax spruce-fir usually have stable, inverse-] age distri-
butions. In these cases, fir reproduction appears to be continuous and fairly stable
from decade to decade and its densities in the canopy will probably remain fairly
constant. However, at elevations near timberline, fir has the decreasing age dis-
tribution (Fig. 3c). It has been reported that subalpine fir does not grow or re-
produce well at high elevations (Graham, 1937; Hansen, 1940; Cronquist et al.,
1972) and that the proportion of reproduction by layering increases at high ele-
vations (Alexander, 1958). Fir recruitment in the high elevation stands is sporadic
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and its populations probably experience numerous and large fluctuations which are
most severe in the highest elevation stand. Fir also has a decreasing age distribution
in one low elevation stand (Fig. 3c). The explanation for this is not clear, but may
be related to opening of the nearby canopy by the construction of an old road
adjacent to the stand.

The pattern of age distributions for spruce populations in climax spruce-fir
stands (Fig. 3b) is not as simple as in fir populations. Decreasing and bimodal
curves at intermediate elevations indicate irregular patterns of spruce recruitment.
Similar irregularities have led some workers in the Canadian Rocky Mountain
subalpine forest to conclude that Engelmann spruce is a late-successional species
that is eventually eliminated by fir (Bloomberg, 1950; Day, 1972). However, spruce
can also have the stable inverse-] curve in either some environments (Fig. 3b) or in
old stands (Fig. 4).

Therefore, bimodal and decreasing age distribution curves in spruce are not
necessarily due to the old ‘age of stands, as would be the case if spruce were a
secondary successional species. It may even be that the pattern of decreasing, bi-
modal and inverse-J curves form a series in which, for some intrinsic reason, spruce
recruitment decreases, leading to the decreasing curve. Then, after some delay,
recruitment resumes, first forming a bimodal curve which, with sufficient time,
comes to approximate the inverse-]. Cessation of spruce recruitment at the be-
ginning of this cycle may be due to heavy shade cast by a dense canopy or strong
competition from heavy herbaceous growth, both of which are known to hinder
spruce seedling establishment (Patten, 1963; Roe et al., 1970).

Day (1972) has described a similar pattern for Engelmann spruce in British
Columbia following destruction of a stand by fire. In that region, spruce establishes
along with or shortly after lodgepole on a burned site. The dense canopy formed
by the two species prevents further spruce reproduction until lodgepole begins to
die out and open the canopy somewhat. The resulting pattern is one of age dis-
tributions which change from a decreasing to a bimodal and finally to an inverse-],
the entire process taking perhaps 350 years after a fire to complete. Day’s model
may also explain the age distribution patterns in the present study. Indeed, the ap-
parent relative ages of the stand, based on the oldest spruce present, indicate that
stands with bimodal or decreasing spruce age distributions are younger than thosé
stands with spruce having the inverse-] distribution (Fig. 4), as though the former
preceded the latter in development.

Disturbed sites within the climax spruce-fir forest may be revegetated by one
of two seres, depending on the habitat (Fig. 7). Lodgepole is the dominant pioneer
from 3150-3250 m on upper slopes and below 3250 m on midslopes. Spruce in-
vades successional lodgepole stands and becomes well-established between 60-105
years and fir between 90-105 years after pioneering lodgepole. This order of in-
vasion is the most common sere described for the Central Rocky Mountain subal-
pine forest (Daubenmire, 1943; Oosting and Reed, 1952; Marr, 1961; Ives,
1941a, b) and also agrees with that described by Bloomberg (1950) and Day (1972)
in the Canadian Rocky Mountains.

Pioneering lodgepole eventually creates a canopy which prevents further
establishment of lodgepole seedlings. However, the establishment of spruce and
fir seedlings in a stand of lodgepole probably depends on the ameliorative effects
of lodgepole on that environment. This is indicated by the long delay in the es-
tablishment of spruce and fir seedlings and is probably caused by elevated soil
temperature and lowered soil moisture due to direct sunlight. Direct sunlight also
inhibits both spruce and fir seedling growth even in the presence of adequate mois-
ture (Alexander, 1958; Ronco, 1970a, b). Lodgepole is able to establish on drier
soils than spruce or fir, after which shade cast by the well-established lodgepole
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lowers soil temperature and decreases evaporation and thereby allows spruce and
fir seedlings to establish. This explanation is also consistent with the absence of
spruce and fir on climax lodgepole sites. In this case, the environment is extreme
enough that lodgepole cannot ameliorate it sufficiently for spruce or fir to establish.

The combined shade cast by spruce, fir and lodgepole in the old successional
stand prevents any renewed lodgepole seedling establishment. Therefore, it is the
interaction of spruce and fir with lodgepole that causes it to be successional on some
sites; conversely, it is the inability of spruce or fir to establish which allows lodge-
pole to form a climax community on the driest forest sites.

Disturbed sites above 3050 m on upper and midslopes, and on lower slopes
at all elevations are pioneered primarily by spruce (Fig. 7; Stahelin, 1943; Langen-
heim, 1962; Patten, 1963). Lodgepole does not grow well on these sites (Hansen,
1940; Daubenmire, 1943; Tackle, 1959), but the factors responsible for this are not
fully known. The similar patterns of changes in lodgepole from climax to pioneer
to absent on both topographic and elevational gradients (Fig. 5) suggests that
the same environmental factors are responsible on both gradients. Soil moisture is
likely to be an important factor because precipitation increases with elevation
(Haeffner, 1971) and water accumulation occurs on lower topographic positions.
In addition, temperature and growing season may be subsidiary factors, and Tackle
(1965) has attributed the elevational limitations of lodgepole to low temperatures.
However, there are few data to confirm this and temperature patterns alone fail to
account for scattered individuals of lodgepole which may occur at high elevations
on exposed sites (Retzer, 1962) and for the lack of lodgepole on mesic, lower slope
positions.

All three of the tree species studied here show changes in their age structures
along environmental gradients (Fig. 3). Spruce and fir populations in climax stands
vary throughout the range of elevations (Fig. 3). This may make it possible to
subdivide the climax spruce-fir into a number of separate climax types. However,
this has not been done because the types would probably intergrade over broad areas
and because of the small number of stands investigated. In addition, the patterns in
spruce may be related more to successional changes than to environmental gradients.

Changes in the age structure dynamics of lodgepole are particularly important
because they clearly indicate that a species may be either successional or climax,
depending on the environment, and on the presence or absence of other species,
namely, spruce and fir in the present case. This phenomenon is probably widespread
among other species but has received little study.
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